Background: The prognostic value of BRAF and KRAS mutations within microsatellite-unstable (MSI) and microsatellite-stable (MSS) subgroups of resected colon carcinoma patients remains controversial. We examined this question in prospectively collected biospecimens from stage III colon cancer with separate analysis of MSI and MSS tumors from patients receiving adjuvant FOLFOX þ/À cetuximab in two adjuvant therapy trials. Methods: Three groups were defined: BRAF Mutant, KRAS Mutant, and double wild-type. The analytic strategy involved estimation of study-specific effects, assessment of homogeneity of results, and then analysis of pooled data as no differences in patient outcome were found between treatment arms in both trials. Associations of mutations with patient outcome were analyzed, and multivariable models were adjusted for treatment and relevant factors. Results: Four thousand four hundred eleven tumors were evaluable for BRAF and KRAS mutations and mismatch repair status; 3934 were MSS and 477 were MSI. In MSS patients, all BRAF V600E mutations (hazard ratio [HR] ¼ 1.54, 95% confidence interval [CI] ¼ 1.23 to 1.92, P < .001), KRAS codon 12 alterations, and p.G13D mutations (HR ¼ 1.60, 95% CI ¼ 1.40 to 1.83, P < .001) were associated with shorter time to recurrence (TTR) and shorter survival after relapse (SAR; HR ¼ 3.02 , 95% CI ¼ 2.32 to 3.93, P < .001, and HR ¼ 1.20, 95% CI ¼ 1.01 to 1.44, P ¼ .04, respectively). Overall survival (OS) in MSS patients was poorer for BRAFmutant patients (HR ¼ 2.01, 95% CI ¼ 1.56 to 2.57, P < .001) and KRAS-mutant patients (HR ¼ 1.62, 95% CI ¼ 1.38 to 1.91, P < .001) vs wild-type. No prognostic role of KRAS or BRAF mutations was seen in MSI patients. Furthermore, no interaction was found between treatment arm (with or without cetuximab) and KRAS and BRAF mutations for TTR or OS in MSS patients. Conclusions: In a pooled analysis of resected stage III colon cancer patients receiving adjuvant FOLFOX, BRAF or KRAS mutations are independently associated with shorter TTR, SAR, and OS in patients with MSS, but not MSI, tumors. Future clinical trials in the adjuvant setting should consider these mutations as important stratification factors.
Colorectal cancer (CRC) is a common malignancy and the fourth cause of cancer-related death worldwide (1, 2) . Molecular testing is currently a routine part of clinical practice in these patients in the metastatic setting, with RAS and BRAF assessment recommended before any treatment in Western countries (3, 4) . KRAS and NRAS mutations predict resistance to epidermal growth factor receptor (EGFR) inhibitors such as cetuximab, resulting in their restricted use to patients with KRAS wild-type and more recently NRAS wild-type metastatic CRC (5) (6) (7) .
BRAF mutation is a rare event found in 5% to 10% of metastatic CRCs, and while it has to date no clear predictive role to guide treatment decisions, it has a major prognostic role with particularly poor survival reported in BRAF-mutant metastatic CRCs (8) . However, for stage III, nonmetastatic colon cancer patients, the prognostic role of these two mutations is still controversial, particularly among microsatellite-unstable (MSI) vs -stable tumors (MSS). We recently reported that codon 12 KRAS mutations in stage III colon cancer patients included in the PETACC8 or N0147 randomized phase III trials have a role on the time to recurrence (TTR) that was limited to distal vs proximal cancers (9, 10) . Regarding BRAF-mutant tumors, it has been suggested that BRAF V600E mutation is not influencing disease recurrence but only survival after relapse (SAR) (11) (12) (13) . Furthermore, the role of BRAF mutations in tumors with MSI is essentially unknown. Combining a good prognostic molecular factor (MSI) and a bad one (BRAF mutation) may not allow the assessment of the true prognostic value of BRAF mutation in all subgroup populations of stage III colon cancer. Accordingly, analysis of these molecular markers in relationship to tumor location and microsatellite status (MSI/MSS) is needed.
MSI tumors represent 10% to 15% of stage III colon cancer, are enriched in BRAF mutations (12) among sporadics, and have been known to be associated with better prognosis than their MSS counterparts, although this may not be the case among FOLFOXtreated patients (10) (11) (12) (13) . Finally, the full picture of the prognostic association of these molecular markers (MSI, KRAS, BRAF) on recurrence, SAR, and then overall survival (OS) has been inconsistently reported in the current publications. We thus decided to pool data from two large recent adjuvant trials (14, 15) dedicated to resected stage III colon cancer patients to assess the role of BRAF and KRAS mutations on TTR, OS, and SAR in MSS and MSI colon cancer patients after surgery and standard 5-fluorouracil (5-FU) plus oxaliplatin (FOLFOX)-based adjuvant therapy. Both trials tested the addition of cetuximab to standard FOLFOX chemotherapy, and both were negative showing no beneficial or detrimental effect of the addition of this anti-EFGR monoclonal antibody. We thus pooled the different treatment arms for our analyses. To our knowledge, this is the largest series evaluating the potential prognostic role of KRAS and BRAF mutations stratified by MSI/MSS status in stage III colon cancer patients.
Methods
This is an ancillary study of the PETACC8 trial (EUDRACT 2005-003463-23) and the N0147 trial (clinicaltrials.gov identifier NCT00079274).
Patient Characteristics
A histologically proven stage III colon adenocarcinoma was completely resected from all eligible patients for the PETACC8 Figure 1 . Flow chart of molecular analysis of PETACC8-N0147 trials molecular study evaluating the association of BRAF and KRAS mutations with time to recurrence and overall survival in microsatellite-stable and microsatellite-unstable populations. IC ¼ informed consent; MSI ¼ microsatellite-unstable; MSS ¼ microsatellitestable; TR ¼ translational research; WT ¼ wild-type.
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and North Central Cancer Treatment Group (NCCTG) N0147 trials. Patients were randomly assigned to receive six months of either FOLFOX or FOLFOX þ cetuximab with regular monitoring, as described previously (14, 15) . Both protocols were amended to only enroll patients with KRAS wild-type tumors, increasing the sample size. Written informed consent was required from each patient included in the planned translational program of both trials.
Microsatellite Status Determination
Mismatch repair (MMR) tumor status was determined by immunohistochemistry (IHC) or by MSI testing when IHC was indeterminate in accordance of the Bethesda criteria and as previously described for each trial (16, 17) . MSI phenotype tumors were defined as presenting with the loss of one or more MMR proteins' expression by IHC or exhibiting high-level tumor DNA MSI (MSI-H) on MSI testing. Microsatellite-stable phenotype tumors were defined by normal MMR protein expression in IHC, or MSS or low-level MSI (MSI-L) status on MSI testing.
DNA Extraction and Mutation Analysis
Tumor samples were prospectively banked. Tumor DNAs were extracted from formalin-fixed, paraffin-embedded (FFPE) tissues containing more than 50% tumor cells using the QIAamp DNA Mini Kit (Qiagen). For PETACC8, molecular analysis was centralized at Georges Pompidou European Hospital, Paris, France, and was performed retrospectively for 2096 patients included before trial amendment and prospectively for the other 463 patients. For N0147, analyses were performed centrally at the Mayo Clinic, Rochester, Minnesota, retrospectively for 2110 included before trial amendment and prospectively for the other 889 patients. Detection of KRAS exon 2 hotspot mutations and BRAF V600E mutations was performed as described previously (9, 10) .
Statistical Analyses
The overall population and then MSS and MSI patients separately were considered for the present work. Patients were divided into three groups: group 1: wild-type for KRAS exon2 and BRAF V600E (wild-type); group 2: mutant for KRAS exon2 (KRASmutant); group 3: mutant for BRAF V600E (BRAF-mutant). Comparisons of patients with specific codon 12 and codon 13 KRAS mutations vs the double wild-type population were also performed. The end points for these analyses were TTR, OS, and SAR. TTR was defined as the time between the date of random assignment and the date of local or metastatic recurrence or death linked to disease recurrence, whichever occurred first. OS was defined as the time between the date of random assignment and the date of death due to all causes.
For comparisons of baseline characteristics, categorical factors were analyzed with v2 tests and continuous factors were TTR and OS curves were estimated with the Kaplan-Meier method. Differences between groups of patients were stratified by log-rank tests and the Cox model. Kaplan-Meier curves and forest plots were used for all of these analyses. Factors included in the multivariable analyses were treatment group and baseline prognostic factors identified in univariate analyses or clinically relevant. The assumption of proportionality was checked graphically using Schoenfeld's residuals. In case of doubt, an interaction time factor has been included in the model. Analyses were carried out according with a two-sided statistical significance level of 5%. Results were not adjusted for multiple comparisons. All statistical analyses were performed by Fé dé ration Francophone de Cancé rologie Digestive (FFCD) statisticians with the SAS statistical software package (version 9.4). The database was locked in June 2015.
Results

Study population
Among the 5577 patients included in the PETACC8 and N0147 phase III studies, 4189 were MSS, of which 3934 met all criteria for molecular analysis (sufficient material and no technical failure). Among 500 MSI tumors, 477 had complete data for KRAS and BRAF status (Figure 1 ). Demographic and clinical characteristics of the patients in the molecular study (n ¼ 4411) were not statistically significantly different from those of the randomly assigned population (n ¼ 5577) (Supplementary Table 1 , available online). 
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Out of the 4411 patients in the molecular study, 2409 (54.6%) were double wild-type, 1522 (34.5%) were KRAS mutant (exon 2), and 480 (10.9%) were BRAF mutant ( Figure 2A ). Altogether, KRAS mutations were located on codon 12 in 27.0% of the cases and on codon 13 in 7.5% of the cases. KRAS mutations were more frequent in men in proximal and N1 stage colon cancer. BRAF mutations were more frequent in women in T3 stage and proximal colon cancer (Table 1) . Out of the 3934 MSS tumors, 2205 (56.0%) were double wild-type, 1450 (36.9%) were KRAS mutant, and 279 (7.1%) were BRAF mutant ( Figure 2B ). Out of the 477 MSI tumors, 204 (42.8%) were double wild-type, 72 (15.1%) were KRAS mutant, and 201 (42.1%) were BRAF mutant ( Figure 2C ). In the whole data set, as all patients didn't provide consent for the current translational research project, KRAS-mutated tumors were more frequently found in the FOLFOX group and BRAF-mutated tumors were more frequently found in the FOLFOX þ cetuximab arm. Moreover, in N0147, as after the amendment to restrict random assignment to only patients with KRAS wild-type tumors (patients with KRAS-mutant tumors were all treated with FOLFOX), KRAS-mutated tumors were more frequently found in the FOLFOX group. Figure 1 , A and B, available online).
In multivariable analysis including all clinically or statistically significant variables, both mutations remained associated with shorter TTR and OS (Table 2) . Interestingly, OS was shorter in this pooled analysis, mixing patients with KRAS mutations, BRAF mutation, and double wild-type in patients treated with FOLFOX þ cetuximab compared with FOLFOX alone.
Outcome in MSS Patients
In the MSS cohort, KRAS-mutated tumors were equally numerous in both treatment arms, as were BRAF-mutated tumors. An interaction test between mutational status (wild-type, BRAF and KRAS) and treatment was not statistically significant (TTR P ¼ .38, OS P ¼ .16), leading to the conclusion that the association of KRAS and BRAF mutations and TTR and OS could be analyzed independently of the treatment received.
Compared with double wild-type patients, TTR was statistically significantly shorter in KRAS-mutated patients (HR ¼ 1.60, 95% CI ¼ 1.40 to 1.83, P < .001) and in BRAF-mutated patients (HR ¼ 1.54, 95% CI ¼ 1.23 to 1.92, P < .001) ( Figure 3A) . The rates of patients alive and without disease recurrence at three years were 66.8%, 69.5%, and 80.0% in the BRAF-mutant, KRAS-mutant, and double wild-type groups, respectively. All codon 12 alterations, p.G13D mutation, and BRAF V600E mutation were associated with shorter TTR. Figure 3B summarizes the role of individual mutation on TTR.
OS was also statistically significantly shorter in KRAS-mutated patients (HR ¼ 1.62, 95% CI ¼ 1.38 to 1.91, P < .001) and in BRAF-mutated patients (HR ¼ 2.01, 95% CI ¼ 1.56 to 2.57, P < .001) ( Table 3 and Figure 3C ). The rates of patients alive at three years were 73.9%, 86.3%, and 91.4% in the BRAF-mutant, KRAS-mutant, and double wild-type groups, respectively. All KRAS codon 12 alterations, p.G13D mutation, and BRAF V600E mutation were associated with shorter OS. Figure 3D summarizes the role of individual mutation on OS.
These results were also true when looking at FOLFOX arms or FOLFOX þ cetuximab arms separately (Supplementary Figure 2 , available online).
SAR was also shorter in KRAS-and BRAF-mutated patients. Median SARs were 2.57, 2.09, and 1.0 year in double wild-type, KRAS-mutated (HR ¼ 1.20, 95% CI ¼ 1.01 to 1.44, P ¼ .04), and BRAF-mutated (HR ¼ 3.02, 95% CI ¼ 2.32 to 3.93, P < .001) populations, respectively (Figure 4) .
In multivariable analysis, all tested variables were statistically significantly associated with shorter TTR. BRAF mutations (P < .001), KRAS mutations (P < .001), high-grade tumors (P ¼ .003), pT3 and pT4 (P < .001), and pN2 (P < .001) remained associated with shorter TTR (Table 3) . Similar results were obtained for OS as shown in Table 3 .
Outcome for MSI Patients
In the MSI cohort, there was no difference for TTR in patients with KRAS-mutated tumors (HR ¼ 1.04, 95% CI ¼ 0.57 to 1.90, Figure 5A ). Considering OS, as shown in Figure 5B , no statistically significant differences in patient outcome were seen for KRAS-or BRAF-mutated as compared with wild-type patients (HR ¼ 1.07, 95% CI ¼ 0.57 to 2.02, P ¼ .84; HR ¼ 1.26, 95% CI ¼ 0.78 to 2.04, P ¼ .35). In multivariable analysis among patients with MSI tumors, only pT4 stage (P ¼ .01) and pN2 stage (P < .001) were associated with a statistically significantly shorter TTR (Table 3) . Similar results were obtained for OS with pT4 stage (P ¼ .02) 
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and pN2 stage (P < .001) but also age over 70 years (P ¼ .02), male sex (P ¼ .004), and Eastern Cooperative Oncology Group performance status (ECOG-PS) of 1-2 (P ¼ .01), which were all associated with shorter OS (Table 3) . No association between KRAS and BRAF mutational status and TTR or OS was observed in multivariable analysis for MSI patients (Table 3) . Because of the low number of events to date in the MSI population, SAR for each subgroup was not analyzed in this study. Figure 6 summarizes TTR in all subgroups (ie, MSI and MSS, mutated or not for KRAS and BRAF).
Discussion
The aim of this study was to determine the independent prognostic value of KRAS and BRAF mutations in MSS and MSI subgroups using prospectively collected stage III colon cancer specimens from patients receiving FOLFOX 6 cetuximab from two large adjuvant randomized trials. We found that BRAF and KRAS mutations are independently associated with shorter TTR, SAR, and OS in patients with MSS, but not MSI, tumors. The prognostic role of KRAS and BRAF mutations in 
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nonmetastatic colon cancer has been inconsistent. While in some recent publications, including those of PETACC8 and N0147, their poor prognostic value on tumor recurrence has been suggested in MSS patients, contradictory results have been published (9) (10) (11) 13, 16, (18) (19) (20) (21) (22) (23) (24) (25) (26) . Moreover, very few analyses have examined patients treated with standard FOLFOX, reported OS results, analyzed the prognostic role of each individual mutation, and specifically assessed the effect of KRAS and BRAF mutations in MSI patients because of the low incidence of MSI tumors. A recent paper by Cuba et al. suggested that KRAS and BRAF mutations may be poor prognostic factors in MSI early-stage colon cancer (27) . This paper included a relatively small number of patients (n ¼ 143) and mixed stage II and stage III tumors. Furthermore, patient receipt of adjuvant chemotherapy was not controlled, which limits the validity of the reported results. To our knowledge, our study is the Discrepancies regarding the prognostic value of KRAS mutations in the current literature (9,10,13,18-20,23,24) may be due to the heterogeneity of the study populations, the influence of primary tumor site, tumor stage, and adjuvant treatment received. No association between KRAS mutations and relapse or survival was found in the PETACC-3 trial among 1404 colon cancer patients treated with 5-FU þ/À irinotecan (10). In contrast, the QUASAR study (20) , which mainly included stage II patients, showed an increased risk of recurrence among patients with KRAS-mutated tumors, which was not affected by adjuvant chemotherapy. The RASCAL population-based studies (18, 26) showed that only one specific KRAS mutation, p.G12V, was associated with poorer outcome, suggesting differences between mutations. Similarly, Imamura et al. showed that KRAS mutations at codon 12 but not at codon 13 (HR ¼ 1.25, 95% CI ¼ 0.85 to 1.84) negatively affected cancerspecific survival (22) . In contrast, data from the N0147 trial showed that KRAS mutations at codons 12 (HR ¼ 1.52, 95% CI ¼ 1.28 to 1.8, P < .0001) and 13 (HR ¼ 1.36, 95% CI ¼ 1.04 to 1.72, P ¼ .025) both had prognostic value (22) . Interestingly, in most studies MSI status was not included in the analyses. In the present work, we have for the first time evaluated a clinical trial cohort with a sufficient number of patients to analyze the individual prognostic role of codons 12 and 13 on TTR and OS in MSI (n ¼ 477) and MSS (n ¼ 3934) patients, respectively.
We show here that in MSS patients, all codon 12 alterations, and the p.G13D mutation are associated with shorter TTR and OS, even if rare mutations such as G12S and G12R do not reach statistical significance because of broad confidence intervals. KRAS mutations are also associated with a shorter SAR as compared with double wild-type patients. In contrast, KRAS mutations do not seem to be associated with shorter TTR or OS in MSI patients. This seems in accordance with our prior data from PETACC8 and N0147 populations showing that the association of KRAS mutations with prognosis was stronger in distal compared with proximal tumors (9,10), which is the predominant location of MSI cancers.
When looking at the prognostic value of BRAF mutations, it has been mainly suggested that BRAF was associated with shorter OS because of a poor SAR (11, 13, 19, 20, 24) , but its role on tumor recurrence has been less clear. Moreover, the low incidence of this mutation (5%-10%) precluded most reports from definitive conclusions. We show here, in 480 BRAF-mutated stage III colon cancer patients, that BRAF mutation is associated with shorter TTR and OS as compared with wild-type patients in MSS but not in MSI patients. BRAF mutation is also associated with a shorter SAR as compared with double wildtype patients, as previously reported (10) (11) (12) and in accordance with the particularly poor prognosis of BRAF-mutated colon cancer in the metastatic setting (8) . Interestingly, SARs reported here for our three study groups are in perfect agreement with the recently published data from the TRIBE trial (8) in a twofold larger population.
The BRAF pathway leads to both MSI and MSS tumors (28), with MLH1 hypermethylation being the event that confers MSI status to these tumors of known better prognosis (29) . Mixing a good prognostic factor and a bad one in these MSI/ BRAF-mutated tumors may have impacted previous results, suggesting that BRAF mutational status was not associated with increased disease recurrence in colon cancer. In fact, the present analysis shows that MSI/BRAF-mutated tumors have an excellent outcome. At the opposite end of the spectrum, the poor prognostic value of BRAF mutation in MSS patients on disease recurrence, clearly demonstrated here, may be explained by the upregulation of genes regulating epithelial mesenchymal transition and matrix remodeling that may facilitate the metastatic process as described previously (30) . This group of MSS BRAF-mutant colon cancer is still poorly studied, but recent studies have already shown that they 
often display altered immunophenotype with reduced CDX2 and increased CK7 expression and share molecular and clinical features of both the BRAF-related serrated and KRAS-related traditional pathways of colorectal tumorigenesis with more TP53 mutations and less CIMP phenotype than their MSI counterparts (31, 32) .
Three retrospective analyses of randomized adjuvant trials suggested that BRAF mutation was independently associated with shorter OS but not with disease-free or recurrence-free survival. Recently, data from the NCCTG N0147 trial showed that BRAF mutation was statistically significantly associated with shorter DFS in multivariable analysis (HR ¼ 1.37, 95% CI ¼ 1.08 to 1.70, P ¼ .009) (23) . However, the adverse prognostic value of BRAF mutation was limited to MSS patients after stratification on MMR status. Similar results were reported in PETACC8 for DFS and confirmed its adverse role on OS (16). In Figure 5 . A) Kaplan-Meier curve for time to recurrence in the microsatellite-unstable (MSI) population by mutational status. Hazard ratio and 95% confidence intervals were calculated using the adjusted Cox proportional hazard model or (B) Kaplan-Meier curve for overall survival in the MSI population by mutational status. Hazard ratios and 95% confidence intervals were calculated using the adjusted Cox proportional hazard model. CI ¼ confidence interval; HR ¼ hazard ratio; OS ¼ overall survival; TTR ¼ time to recurrence; WT ¼ wild-type.
this last report, longer DFS and a trend toward longer OS in BRAF-mutant MSI patients were also suggested. This result is not confirmed in this pooled analysis, with KRAS-mutant, BRAF-mutant, or double wild-type tumors having very similar outcomes in MSI patients.
Altogether we have identified six patients groups defined by tumor MSI, BRAF and KRAS status, with different outcomes. Four of them, that is, MSS double wild-type, MSI double wildtype, MSI KRAS-mutated, and MSI BRAF-mutated, seem to have a relatively favorable outcome, with long-term (five-year) survival without recurrence ranging from 74% to 80%. Together, these four groups account for 61% of the overall study population. At the opposite end of the spectrum, MSS/KRAS-mutated and MSS/BRAF-mutated tumors, representing 37% and 7% of our study population, respectively, have a less favorable outcome, with long-term (five-year) survival without relapse ranging from 59% to 65%. The same results are observed when looking at SAR and thus OS, which is the resultant of the two previous parameters. Beyond MSI status and KRAS and BRAF, other molecular factors may also influence patient outcome and add value to this molecular classification. Expanded RAS, including KRAS and NRAS assessment, would likely be helpful in the next steps to improving our classification, but also PI3KCA, HER2 (33), MET (34) (35) (36) , and other molecular alterations that may play a prognostic role in the prognosis of resected colon cancer and will be studied in the future in this pooled study population.
Limitations include the retrospective design of these pooled analyses, the absence of expanded RAS mutation assessment as recommended by European Society for Medical Oncology and National Comprehensive Cancer Network guidelines in the metastatic setting, the relative underrepresentation of KRAS-mutant tumors because of the amendments restricting recruitment to KRAS wild-type patients in both trials in 2008, and the relatively low frequency of stage III MSI tumors.
In patients undergoing surgical resection of CRC, prognosis and management are currently based entirely on TNM classification. Though T and n stages remain major prognostic factors in the present analyses, stage-independent prognostic factors may influence patient outcome. We show here that in MSS stage III colon cancer patients, who represent 90% of the overall stage III population, KRAS and BRAF mutations are biologically significant and clinically relevant prognostic molecular markers for TTR, SAR, and OS. This does not seem to be the case for the MSI counterpart population. MSI status assessment and KRAS and BRAF mutational status determination are thus important stratification factors for future clinical trials dedicated to this population. These molecular assessments in daily practice may also be discussed because they provide potentially important prognostic information for our patients and will help to tailor treatment in case of disease recurrence.
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